The importance of the liver in copper metabolism is well established. In addition to its functions in ceruloplasmin synthesis and the excretion of Cu through the bile (Hazelrig, Owen & Ackerman, 1966 ; Owen & Hazelrig, 1966) , the liver also appears to act as a storage organ for the metal through its relation with the direct-reacting fraction of Cu in the serum (Dempsey, Cartwright & Wintrobe, 1958) . In the rat, as in man and most other species, the Cu concentration is high in the liver of newborn animals but decreases with maturity (Bruckmann & Zondeck, 1940; Cunningham, 1946; Lorenzen & Smith, 1947 ) and the concentration is further reduced in animals having a low dietary intake of the metal (Schultze, Elvehjem & Hart, 1936; Baxter & Van Wyk, 1953 ; .
However, other organs, particularly the heart and kidneys, also contain high concentrations of Cu (Underwood, 1962) and, although the concentration in bone is only moderate, the skeleton contains about 23 :d) of the total body Cu in both adult humans and rats (Lindow, Peterson & Steenbock, 1929; Chou & Adolph, 1935 ). The present investigation was therefore undertaken to examine the effect of dietary intake on the distribution of Cu between the blood plasma and the liver, kidney and femur of the rat. Exploratory measurements of zinc concentrations in the first experiment suggested an effect of Cu on Zn metabolism within certain tissues and the study was accordingly broadened to include the secondary effects of Cu deficiency on the distribution of Zn and iron between the same organs. 
Preparation of tissues for analysis
Plasma was deproteinized with hydrochloric and trichloroacetic acids as described by Gubler, Lahey, Ashenbrucker, Cartwright & Wintrobe (1952) .
Soft tissues were wet-ashed in a nitric acid-perchloric acid mixture. Bone m7as scraped free from adhering tissue after immersion for a moment in hot, deionized, distilled water. A complete femur was dried to constant weight at 105' in a small porcelain crucible, transferred to a micro-Kjeldahl flask and wet-ashed with nitric and perchloric acids,
The perchloric acid was of Aristar quality and other reagents used in the preparation and analysis of tissues were of Analar grade whenever possible.
Ana Eytical methods
Cu and Zn were determined in deproteinized plasma and solutions of tissue ash by atomic-absorption flame photometry. Fe in tissue ash was also determined by atomicabsorption analysis, but the Fe content of plasma was measured colorimetrically by its reaction with tripyridyl, and the haemoglobin in blood was estimated as cyanmethaemoglobin (Dacie & Lewis, 1963) .
The statistical significance of differences was assessed by Student's t test, standard errors being calculated from values for individual animals within the same group because differences between cages were no greater than variations between rats in the same cage. Coarsening of the coat and loss of hair accompanied the anaemia in deficient animals during the later stages of the experiment, and enlarged hearts, livers, kidneys and spleens were found in most animals of this group when they were killed. The Cu concentration in the plasma of rats in groups A and B fell rapidly during the first 15 d of the experiment but then remained relatively constant although a further decline occurred in group A during the final week of depletion ( Fig. I ). No significant difference from the control value was observed in animals of group C. The concentrations of Cu in the liver and kidneys were decreased in rats of groups il and B, but the concentration in the femurs was not significantly reduced ( Table I) .
The control animals (D) had much lower concentrations of Cu in the liver and femurs than animals killed at the start of the experimental period (E), presumably owing to changes during the maturation process.
Comparison of the total amounts of Cu in the liver, kidneys and femurs of each rat showed that they increased progressively in animals of groups A, B and C ( Table 2) , but the amounts in animals of group C were not significantly different from those in control rats (D), suggesting that a dietary Cu concentration of 10 parts/Io6 was adequate to meet the requirements for tissue growth under the conditions of this experiment. Approximately 58 % of the Cu originally present was lost from the liver of animals in group A during the depletion period, but in the kidneys and bone of these rats, as in all three tissues from animals in other groups, the total amount of Cu present in the complete organ increased during the experimental period.
The bones of Cu-deficient rats were translucent in appearance and the humeri from animals in groups A and D were radiographed, and the dimensions of the bones were measured from the radiographs with a travelling microscope. The length and total Table 4 . width of the bones were the same in both groups of rats (Table 3) , but in deficient animals the width of the spongy bone and marrow cavity was increased at the expense of compact bone. A negative correlation was found between the haemoglobin concentration in the blood and the ratio of spongy bone: total shaft width in the humeri of these rats ( r = -0777, n = 12, P < 0.001).
Expt 2. Sequence of changes in distribution during Cu dejiciemy and repletion
The Cu-deficient rats in this experiment did not develop anorexia or lose bodyweight compared with control animals, as observed in Expt I . Although the blood haemoglobin concentration was slightly depressed in deficient animals during most of the experimental period, it was only after I I 6 d depletion that the value dropped to IOO g/1 and anaemia developed. Histological examination of blood indicated that the anaemia was of the hypochromic type. There was hypertrophy of the heart in the final group of deficient animals compared with controls killed at the same time (heart weights 0*420 & 0.031 and 0.290 k 0.006 g respectively, P < 0.01).
T h e Cu concentration in the plasma of deficient animals fell rapidly to 0.27 parts/ I O~ during the first 12 d, then more slowly to about 0.07 parts/ro6 after 70 d and remained at this level for the rest of the experimental period; in control animals the concentration remained between 1.00 and 1-26 partsfroc. The concentration of Cu in liver, kidney and bone decreased (Table 4), but in each organ the decrease was most severe during the first 20 d. Interpretation of these changes in Cu concentration is, however, complicated by variable effects due to maturation of the animals. The concentration in the liver of control rats rose to a maximum after 12--20 d, when the Values significantly different from control: * P < 0.05; ** P < 0.01.
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animals were between 35 and 43 d old, and then decreased continuously with incrcasing age; in femurs the concentration fell during the first 12 d and then remained constant, but in kidney the concentration of Cu appeared to be unaffected by the maturity of the animal. Examination of the Cu concentration in tissues of deficient animals, expressed as a proportion of that in controls of the same age, to allow for the effect of maturation, showed an appreciable although temporary rise in the concentration in kidney after 32 d depletion and in liver after 41 d depletion (Fig. 2) . Positive correlations were found between the concentrations in the plasma and the liver ( r = 0.656, n = 17, P < O'OI), kidneys ( r = 0.696, n = 17, P < 0.001) and femurs ( r = 0.567, n = 17, P < 0.05) throughout the depletion period. The Cu concentration in the spleen of deficient animals (1.21 +OQZ parts/Io6 dry weight) was also lower than in controls (7.09 2 0.30 parts/Io6) when measured at the end of the experiment.
The total amounts of Cu in different organs varied considerably during the depletion period. Cu was lost from the liver whereas the amount in bone increased progressively despite the depletion (Table 5) . A small amount of Cu was also lost from the kidneys during the first 12 d, after which the amount present generally increased. There was, however, a suggestion of a further temporary loss from the kidneys between 32 and 53 d, which coincided with a temporary increase in the amount in liver. In control animals the total amounts of Cu in all organs increased considerably, although the amount in the liver was maximum after IZ d and then tended to decrease.
The effect of repletion with Cu salts was investigated by transferring nine deficient rats to control diet on the 80th day. Five of these rats were killed after 4 d repletion and the remainder after repletion for 10 d, four animals which had received control diet throughout being killed on each occasion. The Cu concentrations in plasma and liver had risen appreciably after 4 d repletion but were still significantly lower than in control animals (Table 6 ) although this difference was abolished after repletion for
Changes in Zn and Fe distribution during Cu deficiency Measurement of Zn concentrations in Expt I , when the animals were kept in galvanized cages, showed an accumulation of the metal in the liver and femurs of animals on suboptimum Cu intakes. This was demonstrated by a rise in both the concentration (Table I ) and total amount of Zn (Table 2 ) in these organs and was particularly evident in the animals of group B. However, more extensive measurements in Expt 2, whcn the animals werc in stainless-steel cages, showed no significant effect of Cu deficiency on the concentration of Zn in either plasma, liver, kidney or bone (Table 4) , but the total amount of Zn in the liver was consistently higher in Cu-deficient than in control animals although the differencc was statistically significant only in the final group (Table 5 ).
The concentration of Fe in the plasma of Cu-deficient rats was found to be severely depressed when measured on the 32nd and 126th days of Expt 2, the value being only 0.40 ~f: 0.08 parts/Io6 in deficient animals compared with 1.76 L-0.19 parts/Io6 in controls at the end of the experiment (P < 0.001). This decrease was accompanied by an increase in the concentration and total amount of Fe in the liver from about the 32nd day onwards, and a corresponding decrease in the Fe content of the kidney was observed towards the end of the depletion period (Tables 4 and 5 ). The Fe concentration in the spleen was also decreased from 1368 ~f: 81 parts/io6 dry weight in control animals to 586 & 61 parts/Io6 in the final batch of Cu-deficient rats (P < 0.01).
D I S C U S S I O N
Storage of Cu in liver and kidney
The two experiments described in this paper were designed to investigate in a complementary manner the effect of dietary Cu on the metabolism of the element and the sequence of changes during the development of Cu deficiency. The concentrations of Cu in the liver and kidneys of rats depleted for 126 d in Expt 2 (Table 4) were lower than those observed after 48 d depletion in Expt I ( Table I ), indicating that a more severe deficiency was produced in Expt 2. Varying degrees of depletion were produced in different tissues ; the concentration fell most rapidly and severely in the plasma, followed by the liver and kidney, with only a comparatively small change in the femur (Fig. 2) .
Measurement of the total amount of Cu in an organ provides the most convincing evidence for mobilization of the element from that organ, because it excludes dilution due to growth which can be the cause of a fall in concentration. The total amount of Cu in the livers of deficient animals fell by about 60% during the depletion period in both experiments (Tables 2 and s), confirming that the liver acts as a storage organ which can liberate considerable amounts of Cu to other tissues during deficiency (Dempsey et al. 1958; Dowdy, 1969; Owen & Orvis, 1970) .
The kidney also appeared to have a previously unrccognized function in the storage of Cu. A correlation was observed between the Cu concentrations in kidney and plasma, and the concentration in kidney showed a temporary rise between the 20th and 32nd
https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19730079 days of depletion, which coincided with a period of rapid loss from liver. Moreover, a considerable loss of total Cu from the kidney occurred during the 5th and 6th weeks of depletion, when mobilization from the liver appeared to be halted and the organ even showed a temporary rise in total Cu (Tables 4 and 5) that was associated with a small rise in the plasma Cu concentration. A similar temporary rise in the Cu concentration of liver during a period of depletion was observed previously by Dempsey et al. (19 j8) but the reason for it was not explained.
When Cu-deficient animals were transferred to the control diet the kidneys appeared to become replete rather more rapidly than the liver (Table 6 ) and this observation, together with the greater incorporation of radioactive Cu into the kidneys than the liver of deficient rats reported by Schultze & Simmons (194z) , confirms the relation between Cu in the plasma and the kidney. The kidney therefore appears to have a significant function in the storage of mobilizable Cu, but the fact that the total amount of Cu in the organ increased during the depletion period indicates that it is subsidiary to storage in the liver. As the concentration of Cu in the kidney, unlike that in the liver, was not influenced by the state of maturity of the rats (Table 4) , measurement of kidney Cu may provide the most reliable means of assessing the severity of Cu depletion, especially in young animals.
Although the concentration of Cu in the femur was also correlated with that in plasma throughout the depletion period, the decrease in bone concentration was much less than in either liver or kidney, and it appeared that the amount in bone varied with the plasma concentration in a non-selective manner.
Relations between Cu, Z n and Fe metabolism
Cu deficiency developed much more slowly in the second experiment than in the first, as judged by the delayed appearance of anaemia and the higher Cu concentration in liver after a similar time-interval (Tables I and 4) , although a more severe depletion was eventually produced. Anaemia was detectable after 2 weeks in Expt I , as found by Mills & Murray (1960) , but in Expt z it required nearly 4 months to produce a similar fall in blood haemoglobin concentration, as observed by Owen & Hazelrig (1968) . Both experiments were conducted with rats of the same strain, sex and size, that consumed diets of identical composition and grew at the same rate, and it therefore appears that the difference must have been due to the use of galvanized cages in the first experiment and steel cages in the second. Rats housed in galvanized cages would have a higher and more variable intake of Zn than those in Expt 2, and this may have aggravated the Cu deficiency both by competing with the very small amount of dietary Cu for absorption in the intestine (Van Campen & Scaife, 1967; Starcher, 1969; Van Campen, 1969) and by increasing thc urinary excretion of Cu (Duncan, Gray & Daniel, 1953) .
Zn also appeared to have an additional effect on haemoglobin synthesis or breakdown, because deficient animals in Expt I had lower blood haemoglobin concentrations than those at the end of Expt 2, despite the lower Cu concentrations in the liver and kidneys of the latter animals. This conclusion is supported by the finding that https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19730079 I973 high levels of dietary Zn lowered the haemoglobin concentration in animals with normal blood Cu levels (Grant-Frost & Underwood, 1958) .
The effect of Cu depletion on Zn metabolism, appeared to vary with the relative intakes of the two metals. In Expt I , Zn tended to accumulate in the liver and femur of rats with suboptimum intakes of Cu, suggesting that competition between the two metals similar to that observed in the intestine (Starcher, 1969; Van Campen, 1969) may also occur in other tissues. However, more extensive studies in Expt 2, when Zn intake was carefully regulated, failed to confirm this suggestion, although a nonsignificant tendency for Zn to accumulate in the liver of Cu-deficient rats was still observed. It appears, therefore, that Zn has a greater influence on Cu metabolism than Cu exerts on Zn, both under physiological conditions and in the pathological state of Zn toxity studied by O'Dell(1967) .
The decreased concentrations of Fe found in the plasma, kidney and spleen of Cu-deficient rats appeared to be caused by an impaired mobilization of Fe from the liver, which resulted in the accumulation of Fc in that organ (Tables 4 and 5 ) as previously reported by Marston, Allen & Swaby (1971) . In the Cu-deficient pig, lie also accumulated in the duodenal mucosa and reticulo-endothelial system owing to a similar impairment in transport from these tissues to the plasma (Roeser, Lee, Nacht & Cartwright, 1970) . The grossly enlarged hearts found in both our experiments, together with the hypertrophy of the bone-marrow, liver, kidney and spleen observed in the first experiment all appear to be secondary to the anaemia resulting from this impaired utilization of Fe, which was probably aggravated by Zn in the first experiment as discussed previously. The observation that the heart hypertrophied more than the spleen in our studies, when the reverse is found in Fe-deficiency anaemia (Gublcr, Cartwright & Wintrobe, 1957) , is probably due to Cu deficiency also impairing cytochrome oxidase activity in the heart (Dreosti, 1967) .
